A simple method to detect mutations in the genome of Mycobacterium leprae that confer resistance to key drugs for leprosy was exploited on the basis of a reverse hybridization system. A series of oligonucleotide probes corresponding to each mutation in the folP1, rpoB and gyrA genes for dapsone, rifampicin and ofloxacin resistance, respectively, were selected and fixed on a glass slide as capture probes, to develop a DNA microarray termed the leprosy drug susceptibility-DNA microarray (LDS-DA). Mutations in clinical isolates of M. leprae were successfully identified by the LDS-DA. Feasibility studies were conducted to evaluate the performance of the LDS-DA in two developing countries, Myanmar and the Philippines. The high concordance of the results obtained by this method with the results of nucleotide sequencing strongly supports the applicability of the LDS-DA as a drug susceptibility test in place of sequencing, a time-consuming and costly procedure. This is a rapid and simple method for the simultaneous susceptibility testing of three front-line drugs for leprosy, and solves the problems of previously reported methods.
INTRODUCTION
The current strategy for leprosy control relies mainly on multidrug therapy (MDT) (WHO, 1998) . However, cases of leprosy caused by drug-resistant Mycobacterium leprae have been documented as the result of therapeutic failure (Cambau et al., 2001; Maeda et al., 2001; Matsuoka et al., 2000 Matsuoka et al., , 2003 . Although information on the drug susceptibility of clinical isolates contributes to the better outcome of treatment, susceptibility testing has rarely been done because of its difficulty. Antibiotic susceptibility testing of M. leprae still relies on a time-consuming method based on the growth of bacteria in mouse footpads (Shepard, 1960) , which takes up to 12 months to give a result. This has hindered the comprehensive surveillance that would offer useful information to evaluate the efficacy of MDT and to prevent the spread of drug-resistant strains. Recent advances in the molecular biology of drug-resistant M. leprae have enabled the development of drug susceptibility tests for key component drugs of MDT, by the detection of relevant gene mutations that confer resistance (Williams & Gillis, 2004) . The molecular mechanism of rifampicin resistance was first demonstrated in Escherichia coli and thereafter in M. leprae . Rifampicin resistance is strongly correlated with mutations in the rpoB gene, encoding the b subunit of RNA polymerase Williams et al., 1994 Williams et al., , 2001 Matsuoka et al., 2000 Matsuoka et al., , 2003 Cambau et al., 2001; Maeda et al., 2001; Zhang et al., 2004) . Resistance to fluoroquinolones has been proved to correlate with IP: 54.70.40.11
On: Sun, 04 Aug 2019 06:02:47 mutations in the gyrA gene, encoding the A subunit of DNA gyrase in M. leprae (Cambau et al., 1997; Matsuoka et al., 2000; Cambau et al., 2001) , as in many other bacteria. In addition, mutations in the folP1 gene, encoding dihydrofolate synthetase, have been shown to be responsible for dapsone resistance (Kai et al., 1999; Matsuoka et al., 2000 Matsuoka et al., , 2003 Matsuoka et al., , 2007 Williams et al., 2000; Lee et al., 2001; Maeda et al., 2001; Cambau et al., 2006) . The prevalence of drug resistance in selected areas was surveyed through the application of molecular analysis to detect mutations conferring drug resistance (Matsuoka et al., 2007) . Analysis of mutations is generally performed by sequencing the target genomic region, amplified by PCR, although the implementation of sequencing is not easy in many developing countries. Therefore, a simple and rapid method to detect mutations conferring drug resistance has been long awaited. In the current study, a DNA microarray method was developed and the applicability of this system was evaluated in Myanmar and the Philippines.
METHODS
Design of capture probes. Mutant nucleotide sequences conferring resistance to dapsone, rifampicin and ofloxacin and their corresponding wild-type sequences in Mycobacterium leprae (Table 1) were employed in this study. Nearly all the drug-resistant strains of M. leprae reported so far are covered by the mutations selected. Capture oligonucleotide probes (14-to 18-mer) for the detection of the mutations were designed according to these data. Optimal sequences of oligonucleotides corresponding to each missense mutation were designed empirically as shown in Fig. 1(a) . The array of capture oligonucleotide probes was covalently bound to the surface of a glass slide coated with polycarbodiimide and the resulting DNA microarray was designated the leprosy drug susceptibility-DNA microarray (LDS-DA), as shown in Fig. 1(b) .
Amplification of three target gene fragments. Target regions of folP1 (accession no. AL 583917, gene ML583917), rpoB (accession no. AL583923, gene ML1891) and gyrA (accession no. AL583917, gene ML0006) were simultaneously amplified with three primer pairs in one PCR. The sequences of the primers are listed in Table 2 . PCR was carried out using the G mixture of the FailSafe PCR System (EPICENTRE) in a volume of 25 ml with 1 mM of each primer. Cycling conditions began with an initial incubation at 94 uC for 4 min, followed by 40 cycles of annealing at 58 uC for 30 s, extension at 72 uC for 30 s, and denaturation at 94 uC for 30 s. Finally, incomplete PCR products were extended for 5 min at 72 uC. The amplified DNA fragments were confirmed by gel electrophoresis through 4.0 % Metaphor Agarose (FMC Corp.) in TBE (Tris/borate/ EDTA, pH 8.0) buffer.
LDS-DA assay. A 2 ml aliquot of the resulting PCR mixture was mixed with 38 ml UniHyb Hybridization Solution (TeleChem International), heat denatured at 98 uC for 5 min and quickly chilled. The solution was then applied to the LDS-DA and incubated at 42 uC for 60 min followed by stringent washing with 50 ml washing solution (3 M tetramethylammonium chloride; Sigma-Aldrich) at 47 uC for 60 min. The biotin-labelled DNA fragments hybridizing to the capture probes on the LDS-DA were detected by avidin-biotinhorseradish peroxidase complex (VECTASTAIN Elite ABC kit, Vector Research in Yangon, Myanmar, and in the Leonard Wood Memorial in Cebu, the Philippines, and was evaluated on 63 and 73 clinical specimens, respectively, in these laboratories. A majority of the samples in this study had been examined previously (Matsuoka et al., 2007) . Of the 63 samples in Myanmar, 44 were from new cases and 19 were from patients with relapse. Of the 19 relapsed patients, one patient had received monotherapy with dapsone for 4 years followed by monotherapy with rifampicin for 4 years, while the other 18 patients had been treated with the standard MDT regimen for multibacillary leprosy. Samples from the Philippines included 64 from new cases and nine from relapsed cases. Of the nine relapsed Black circles represent spots with biotin as landmarks for conjugate reaction control; grey circles are the wild-type spots; white circles are the mutant spots. The region with oligonucleotides designated FW-and FM-is for dapsone resistance detection (the dapsone field); the region designated GW-and GM-is the ofloxacin field; the region designated GP-and GN-is the control field; and the region designated RW-and RM-is the rifampicin field.
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On: Sun, 04 Aug 2019 06:02:47 cases, three patients had been treated with the WHO MDT regimen for 2 years and the other six patients had received dapsone monotherapy or combined treatment with clofazimine and rifampicin. All cases had a positive bacterial index (BI) and were therefore, by definition, multibacillary. Genomic DNA templates were prepared as described previously (Matsuoka et al. 2005 (Matsuoka et al. , 2007 . Briefly, slit-skin smear specimens were collected from the skin lesions of patients in the same manner as the routine procedure for BI determination. The bacilli were washed out from the blade into 70 % ethanol and collected as a pellet by centrifugation at 10 000 g for 20 min. Genomic DNA templates for PCR were prepared by treatment with a lysis buffer as described elsewhere (de Wit et al., 1991) . The LDS-DA assays were performed as described above and the results were translated into nucleotide sequences according to the positions of the spots for comparison with the sequence data.
Nucleotide sequencing. To confirm and verify the results obtained by the LDS-DA method, nucleotide sequences of PCR products were determined with the BigDye Terminator v1.1 Cycle Sequencing kit (Applied Biosystems) using the same primers for PCR amplification with an ABI310 genetic analyser.
Ethical approval and consent. The study was approved by the institutional ethics committee of the National Institute of Infectious Diseases, Japan, and two local institutional review boards. Bacterial samples were collected after informed consent was obtained.
RESULTS
Development of a DNA microarray for drug susceptibility testing of M. leprae
The target regions of the genes with expected length, 119 bp for folP1, 127 bp for rpoB and 139 bp for gyrA, were amplified simultaneously by mutiplex PCR as shown in Fig. 2 . Several oligonucleotides corresponding to each of the wild-type and mutant sequences of folP1, rpoB and gyrA were synthesized, spotted on a glass slide and examined for hybridization with amplicons from the multiplex PCR. The best oligonucleotides, which hybridized with corresponding PCR products without reacting with others, were selected. A DNA microarray with selected oligonucleotides was established as presented in Fig. 1 and designated LDS-DA. The performance of the LDS-DA was examined using PCR products from M. leprae isolates and artificially produced DNA fragments with known mutations. PCR products containing the drug-resistance-determining region (DRDR) for each gene were obtained by multiplex PCR (Fig. 2 ). Fig. 3 shows the hybridization patterns obtained from isolates grown in nude mice footpads, Thai- . Signals obtained by the LDS-DA with: a susceptible strain, Thai-53; strain Zensho-4, with mutation from ACC to ATC at codon 53 in the folP1 gene, from TCG to TTG at codon 425 in the rpoB gene and from GCA to GTA at codon 91 in the gyrA gene; strain Kusatsu-6, with mutation from CCC to CTC at codon 55 in the folP1 gene and from GAT to TAT at codon 410 in the rpoB gene; and strain Zensho-9, with mutation from CCC to CTC at codon 55 in the folP1 gene and from CAC to TAC at codon 420 in the rpoB gene. 53, Zensho-4 (Matsuoka et al., 2000) and two other strains with known nucleotide mutations (Zhang et al., 2004; Maeda et al., 2001) . In Thai-53, which is susceptible to dapsone, rifampicin and ofloxacin, positive signals were observed on all of the wild-type spots. In contrast, the highest colour intensity was seen on the spot with the mutant oligonucleotide in drug-resistant M. leprae. In Zensho-4, with a three-drug-resistant phenotype, three positive signals shifted from the wild-type to the mutant spots. In the dapsone field, a mutation at codon 53 was identified by a positive signal on spot FM3 instead of FW1.
In the ofloxacin and rifampicin fields, similar events were observed. Spots corresponding to mutant-type and wildtype sequences were also found in the other two isolates. Likewise, all the spots with mutant oligonucleotides were verified as to their proper reactivity with the PCR products carrying corresponding known mutations (data not shown).
Evaluation of the LDS-DA system in two countries with high leprosy prevalence
The LDS-DA system was successfully transferred to a laboratory in Yangon, Myanmar, and a laboratory in Cebu, the Philippines. The BI values of the samples from Myanmar varied from 1 to 6. Most were more than 3. Almost all samples from the Philippines showed a BI of more than 4, with a few samples of BI 2. Positive PCR results were obtained even from samples with a BI of 1, although it was usually hard to obtain good results from PCR and colouring from samples with a BI of less than 3. One of the relapsed cases from Myanmar harboured M. leprae with mutations CCC to CGC at position 55 in the folP1 gene and TCG to ATG at position 425 in the rpoB gene. One resistant isolate with the mutation ACC to GCC at position 53 in the folP1 and another isolate with the mutation GAT to TAT at position 410 in the rpoB gene were new cases. In the samples from the Philippines, three M. leprae with mutations in the folP1 gene, CCC to CTC and CCC to TCC at position 55, were from relapsed cases. Two resistant isolates with mutation CCC to CGT at position 55 in the folP1 were from new cases. The results obtained by the LDS-DA system in these laboratories were compared with the nucleotide sequences of the corresponding genes, as shown in Table 3 . All the samples possessing wild-type sequences were judged to be wild-type by both the LDS-DA and sequencing. Concordant results were also observed with seven specimens carrying mutations, five in Myanmar and two in the Philippines. Two unclear results were obtained in folP1 in Myanmar and one in rpoB in the Philippines. In these three samples, the signals were not strong enough to be judged. In the row of codon 55 in folP1, no signal was observed with two specimens in the Philippines. Overall, the concordance between the LDS-DA and sequencing results on folP1 in Myanmar and the Philippines is 96.8 % (61/63) and 97.3 % (71/73), respectively. The LDS-DA results on rpoB exhibited good agreement with sequencing results, 100 % (63/63) and 98.6 % (72/73) in Myanmar and the Philippines, respectively. No discordance was found between the LDS-DA and sequencing results on gyrA in either country (Table 4) .
DISCUSSION
Detection of drug resistance in M. leprae is crucial for the efficient treatment of leprosy and the prevention of the spread of drug-resistant strains. The elucidation of the genetic background of resistance by molecular methods has enabled the prediction of drug susceptibility of M. leprae. Drug resistance to dapsone, rifampicin and ofloxacin has evolved by mutation in the DRDR in the folP1, rpoB and gyrA genes respectively (Williams & Gillis, 2004) . A total of Simple detection of drug-resistant M. leprae 106 isolates without mutation in the rpoB gene and 63 isolates without mutation the gyrA gene were susceptible to rifampicin and ofloxacin, respectively. All isolates resistant to rifampicin or ofloxacin harboured mutations in the DRDR of rpoB or gyrA, respectively Williams et al., 1994 Williams et al., , 2001 Cambau et al., 1997 Cambau et al., , 2001 Matsuoka et al., 2000 Matsuoka et al., , 2003 Maeda et al., 2001; Zhang et al., 2004) . Resistance of M. leprae to dapsone in the mouse footpad is classified into three degrees, namely, low, intermediate and high. A total of 84 isolates without mutation in the folP1 gene were susceptible to dapsone, but one isolate was resistant with intermediate degree and five isolates were resistant with low degree (Cambau et al., 2006) . On the other hand, a total of 24 isolates resistant to dapsone with high or intermediate degree revealed amino acid substitution at the DRDR of the fop1 gene (Kai et al., 1999; Matsuoka et al., 2000 Matsuoka et al., , 2003 Matsuoka et al., , 2007 Williams et al., 2000; Lee et al., 2001; Maeda et al., 2001; Cambau et al., 2006 ). An isolate with mutation ACC to GCC at codon 53 was demonstrated to be resistant with low degree (Cambau et al., 2006) , though it is not clear whether dapsone resistance with low degree is true resistance (Matsuoka et al., 2007) . Other isolates with this mutation were found to be resistant to dapsone with intermediate degree. Therefore contradiction between mutation in the folP1 gene and the results obtained by the mouse footpad drug susceptibility test has been encountered for only one case so far.
Although the direct sequencing of PCR products is definitive and allows rapid detection of resistant cases, it has the disadvantage of requiring expensive apparatus and high sequencing costs, so it is not practical in many developing countries. The heteroduplex method (HAD) (Williams et al., 2001 ) and the PCR-single-strand conformation polymorphism method (SSCP) have been applied to the detection of mutants to overcome these disadvantages. The HAD method can identify mutations in the PCR-amplified fragments by the electrophoretic mobility difference of heteroduplexes of wild-type products and test sample products, while the SSCP method analyses that of single-stranded products. However, neither the HAD nor the SSCP method fully meets the required conditions in developing countries, since these methods demand complicated procedures and both detect silent mutations as resistant mutations. The recently developed LineProbe assay based on reverse hybridization can detect rifampicin-resistant M. leprae simply and rapidly, but it cannot provide susceptibility information for other anti-leprosy drugs. The multipleprimer PCR amplification refractory mutation system is relatively simple but detects only nucleotide mutations and cannot distinguish silent mutations from missense mutations (Sapkota et al., 2008) Our present study aimed to exploit a rapid, simple and simultaneous drug susceptibility test for three key antileprosy drugs to solve defects of each method previously reported, based on DNA-DNA hybridization using a DNA microarray. The novel method, designated LDS-DA, allows the simultaneous identification of mutations in three genes, responsible for resistance to dapsone, rifampicin and the quinolones. Easy accessibility and high reproducibility demonstrated by the studies with clinical materials in two developing countries revealed the superior applicability of this method. Only five discordant results were found in 136 specimens examined. Three discordant results, two in Myanmar on folP1 and one in the Philippines on rpoB, showed faint reactions on multiple spots probably caused by some technical errors. In the remaining two discordant results found in the Philippines, no signal was found at any position in row 55 of folP1. These samples were shown to carry a mutation at codon 55 in folP1 from the wild-type CCC to CGT (Table 2) , which was recently revealed to be associated with dapsone resistance (Cambau et al., 2006) and was not covered by the oligonucleotide array on the LDS-DA. Although the signal was found neither at the wild-type nor at the mutant position in row 55 of folP1, this result can be taken as suggestive of dapsone resistance. The absence of a positive signal in the wild-type position implies the existence of base substitutions in the region covered by the oligonucleotide. Similar translation criteria have been applied to rifampicin-resistant M. tuberculosis by the commercially available INNO-LiPA Rif TB assay (Rossau et al., 1997) .
Other possible mutation(s) related to drug resistance can also be distinguished under the same criteria.
The monitoring of drug-resistant leprosy cases has been recommended in order to maintain the effectiveness of chemotherapy for leprosy (Ji, 2002; Matsuoka et al., 2007) . The LDS-DA method developed in this study seems to be a simple and robust tool to assess the drug susceptibility of M. leprae in developing countries, where susceptibility testing is rarely applied. Comprehensive data on the prevalence of resistant cases shows that the level of drug resistance is low in some endemic countries (Matsuoka et al., 2007) . It is therefore recommended to apply this method to samples from intractable cases and relapsed cases, to examine the susceptibility to anti-leprosy drugs and ensure effective treatment. Additionally, the capacity of the LDS-DA method to identify the positions of mutations can be utilized for molecular epidemiological and geographical studies on the spread of drug-resistant M. leprae. 
